I. INTRODUCTION
TITANIUM carbide (TiC), compared to tungsten carbide (WC) for instance, has a higher hardness (Knoop's = 32.4 GPa), a lower density, and a greater thermal stability, [1] which make it, therefore, suitable for integration into structural components involving transparent optical materials, magnetic recording heads, and composite reinforcing materials. [2, 3] Moreover, due to its desirable physical and mechanical properties, it has found applications in electrical and electronic, automotive, and refractory industries. [4] Addition of TiC as the reinforcing phase into a ceramic matrix (such as SiO 2 or Al 2 O 3 which are brittle materials) can contribute to the mechanical properties of the matrix such as its fracture toughness, hardness, and thermal shock resistance at high temperatures. [5] Synthesis of TiC particles has been accomplished using a variety of techniques including carbothermal reduction of titanium oxide at 2173 K to 2373 K (1900°C to 2100°C), direct reaction between Ti metal and C, and gas phase reaction of TiCl 4 and appropriate gaseous hydrocarbon. [6, 7] Moreover, many techniques have so far been developed for the fabrication of TiC and its composites with ceramic particles. For example, the TiC-Al 2 O 3 composite has been produced by hot pressing or pressureless sintering of direct mixtures of Al 2 O 3 and TiC powders. [8, 9] In this method, grain growth and generation of metal oxides occur at the interface due to the high temperatures applied over relatively long periods. [10] When the ceramic matrix composites are machined, the grains are often pulled out due to their weak binding forces at the interface.
Mechanical alloying (MA) [11] has attracted the attention of researchers as an easy and inexpensive technique for the fabrication of advanced materials with unique properties. [12] For example, Hajalilou et al. [13] used mechanochemical carboaluminothermic reduction of rutile to produce TiC nanopowder particles in the ceramic matrix of Al 2 O 3 . In our previous study, [14] the effects of milling time and sintering temperature in the system of TiC-SiO 2 were investigated. The present study aims to develop for the first time a novel technique for fabricating TiC ceramic nanoparticles and TiC-SiO 2 nanocomposite powders by ball milling at room temperature a mixture of TiO 2 , Si, and graphite powders as inexpensive raw materials with subsequent heat treatment in a tube furnace under argon atmosphere. Thus, the proposed method will be an inexpensive technique for the fabrication of technologically important materials.
II. EXPERIMENTAL
High purity materials (TiO 2 : 99.98 pct, 0.8 lm, rutile type; graphite: 99.90 pct, 1 lm; and Si: 99.9 pct, <10 lm) were purchased from Merck Co. (Germany) as the starting materials for synthesizing TiC and its composite with SiO 2 . The reactants were mixed in a stoichiometric ratio based on molar ratios. The reaction is expressed as follows:
The negative value of DG 298 indicates that this reaction is thermodynamically feasible at room temperature. The negative DH 298 suggests that the reaction is thermodynamically exothermic.
Mechanical activation of the powder mixture was accomplished in a high-energy ball mill at ambient temperature. Selecting a ball to powder ratio of 20:1, ball milling was carried out using seven hardened carbon steel balls 18 mm in diameter. The inert gas (Ar) was then charged into a vial and its rotational speed (x) and that of the disk (X) were set at 600 and 400 rpm, respectively. Samples ball-milled for 10 hours were made into pellets 18 mm in diameter and 32 mm in height under a load of 3 tons. A tube furnace with the argon atmosphere was used to calcine the sample. For phase evaluation, X-ray diffraction with a Cu K a (k = 1.5406 Å ) radiation was used with an applied voltage of 30 kV and a current of 25 mA. Differential scanning calorimetry (DSC) was employed to determine the transformation temperature after milling for 10 hours. Optical microscopy (OM) and scanning electron microscopy (SEM) equipped with energy dispersive X-ray (EDX) and transmitted electron microscopy (TEM) were used for morphological and structural investigations.
Bar samples 1 9 1.3 9 12 mm in size were prepared for measuring the compressive strength (r b ) by applying a load rate of 2 mm/min. For this aim, the universal tensile machine Zwick model was carried out. For each run, 3 samples were tested and the mean values were estimated. Vickers hardness (H v ) and fracture toughness (K IC ) were measured by the indentation method (Wilson-Wolpert Tukon Ò 2100B) applying a 10-kg load and a dwell time of 10 seconds.
III. RESULTS AND DISCUSSION
A. Structural Evaluation Figure 1 presents the SEM micrographs of the initial powder mixture of TiO 2 , Si, and graphite after (a) 0 hours, (b) after 10 hours of mechanical activation, and (c) after 10 hours of milling with subsequent heat treatment at 1473 K (1200°C) for 7 minutes.
As can be seen in Figure 1 (a), the particles of the initial powder mixture are of a regular shape. This is due to the fact that no reaction occurred by simply mixing the powder particles without any milling operation. After 10 hours of mechanical activation, however, the powder particles became fragmented and cold welded together due to the collision of the powder particles with the balls and the vial. In fact, the increased plastic deformation between powder particles results in the defect density and internal energy to rise during ball milling. This, in turn, leads to changes in the shape of the particles and, thus, many fine particles can be observed in the microstructure of the milled powders as clearly seen in Figure 1 (b). Figure 1(c) shows that the new phases were produced after 10 hours of mechanical activation with heat treatment at 1473 K (1200°C) for 7 minutes. The EDX analysis from two different points shown in Figure 2 reveals the elements of these compositions to be Ti, C, Si, and oxygen. Although it could be claimed that these elements might belong to another intermetallic compound, the spectra of the XRD pattern prove them to be solely related to TiC and SiO 2 . Point (1), with 86 pct Ti and 14 pct C suggests a TiC formation at this point. Point (2), including 61 pct Si and 33 pct O indicated a SiO. However, these EDX data show that the compositions of ''TiC'' and ''SiO 2 '' phases far away from stoichiometries which can be related to the presence of stress in the system. Furthermore, the induced lattice strain during the milling process may not be completely removed at this synthesis temperature.
DSC combined with subsequent X-ray diffraction analysis was used to investigate the 10-hour-milled powders of TiO 2 , Si, and C. DSC measurements were performed at a constant heating rate of 10 K/min. Figure 3 displays the DSC trace of the mechanically alloyed initial powders milled for 10 hours, and Figure 4 shows the XRD patterns of the samples after ball milling for 10 hours.
From the DSC curve, it can be observed that a minor endothermic peak was appeared at the beginning of the curve at the around 323 K (50°C). This can be related to the change of heat capacity of the reaction due to the increase in temperature during heating in calorimeter. A mountain-like exothermic peak was observed in the following in the range of 373 K to 993 K (100°C to 720°C). This can be explained on the basis of the reaction of carbon with environment oxygen. The released heat from the accomplishment of the reaction reached its maximum value at 673 K (400°C). Afterwards, it gradually decreased by increasing heating temperature due to the occurrence of reverse reaction (Boudouard reaction). Based on Boudouard reaction, the continuous transformation of carbon monoxide and carbon dioxide (revers transition) is favorable to each along the lines of the following reaction: [6] 2CO ¼ C þ CO 2 : ½2
It can be concluded that the released heat from the reaction and increased heating temperature in the range of 373 K to 973 K (100°C to 700°C), led to the reduction of TiO 2 to titanium suboxides like Ti 2 O 3 , Ti 3 O 5 and so on. These suboxides known as Magnely phases can be presented by the general formula Ti n O 2nÀ1 , where n ‡ 2. This process yields a series of mixed valence Ti(III)/Ti(IV) oxides with enhancing Ti(III) content as n decreases. [15] Welham and Williams in the carbothermic reduction of TiO 2 observed that the formation of Ti 3 O 5 is relatively stable. Thus, the formation of Magnely phase is one of the reasons for the slow carbothermic reduction of rutile (TiO 2 ). [6, 14, 15] Consequently, the observed flat line in the DSC curve in the range of 1023 K to 1273 K (750°C to 1000°C) can be related to the accomplishment of slow reduction.
The observation of two major exothermic peaks in the range of 1273 K to 1573 K (1000°C to 1300°C), can be associated with the formation of intermetallic compound such as Ti 5 Si 3 and TiSi 2 accompanied by TiC formation. This intermetallic compound formation is in agreement with XRD pattern. The XRD patterns taken after 1423 K and 1473 K (1150°C and 1200°C) DSC peaks are exhibited in Figure 4 . XRD patterns for sintered sample at 1423 K (1150°C) showed a formation of the Si intermetallic compound phases accompanied by minor peaks of TiC phase. This indicates that the low energy released from those compounds were not The activation energy required for synthesizing TiC should be provided in thermal form. Therefore, the 10-hour-milled sample was heated at 1473 K (1200°C) for 7 minutes. The XRD pattern for this sample is shown in Figure 5 . Previous studies have reported the reduction of titanium oxide with carbon and the production of titanium carbide to occur at 1973 K to 2173 K (1700°C to 1900°C). [6] In this study, however, the application of Si accompanied by carbon as a reducing agent decreased the temperature for titanium carbide fabrication down to 1473 K (1200°C). Furthermore, if a ceramic matrix composite is sought, it will also be possible to produce the TiC-SiO 2 nanocomposite. Otherwise, the SiO 2 can be removed by dissolvent.
The enthalpy value calculated for TiC (DH 298 ¼ À180:4 kJ/mol) suggested that this reaction is exothermic. The reaction mechanism in the TiO 2 /Si/C system can be explained as one mainly due to the reduction of titanium oxide to titanium suboxides followed by subsequent reaction with Si. As a result, the heat released from the intermetallic compounds like Ti 2 Si 5 led to the formation of TiC and SiO 2 at around 1473 K (1200°C).
The transmitted electron microscopy (TEM) image of the TiC-SiO 2 composite powder particles is shown in Figure 6 . As can be seen, SiO 2 particles were surrounded by those of TiC and their crystallite size was in the nano scale.
B. TiC Evaluation
In order to produce single-phase titanium carbide particles and to examine the effects of second-phase titanium carbide particles on the mechanical properties of TiC-SiO 2 composite powder, SiO 2 was eliminated from the powder. The leaching test process was carried out using a 2 M dimethylsulfoxide solution at a temperature of about 353 K (80°C) for 2 hours. The XRD pattern of this sample is shown in Figure 7 . To remove the excess dimethylsulfoxide, the samples were filtered and the purified products were washed several times. Finally, the products were dried in the oven at 573 K (300°C) for 2 hours. The TEM image of the TiC powder particles is demonstrated in Figure 8 . As can be observed, the crystallites size of the TiC produced is in the nano scale.
Nelson-Riley equation [1] was used to examine the effects of mechanical activation and heat treatment on the lattice parameter of the titanium carbide obtained after the dissolution process.
where h is the diffraction angle and F(h) is the NelsonRiley equation. The lattice parameter (a) of TiC can be computed by drawing (a) vs F(h) and the interpolation at h = 90. [16] Based on the Document 73-0472 of the International Center for Diffraction Data (JCPDS-ICDD2000), the standard value for the lattice parameter of titanium carbide is equal to 0.4322 nm. Our calculations showed a deviation of 0.0023 in the TiC lattice parameter from the standard value under the experimental conditions. Based on the Ti-C equilibrium phase diagram (Figure 9) , [16] the C:Ti ratio is 0.55 to 0.95 at ambient temperature. It may, therefore, be concluded that adding Si as a reducing agent resulted in the deviation in the titanium carbide lattice parameter by both increasing the lattice strain and producing nonstoichiometric TiC.
C. Evaluation of Mechanical Properties
Among the distinctive traits of ceramic materials, it included their solely elastic behavior without any plastic deformation during loading or without disastrous fractures upon overloading. Therefore, the monolithic ceramics (i.e., SiO 2 and TiC) display fracture strain values of only a few tenths of 1 pct, and maximum fracture toughness values of 8 MNm À3/2 . [17] Rice et al. [18] realized that variation in crystallite size can make large modifications in their mechanical properties, especially toughness, and that there is a particular crystallite size for which toughness is at its maximum. Previously published research papers have thus far focused on the crystallite size of the powder particles to improve the mechanical properties of brittle ceramics, and little attempt has been allocated to the study of the effect of separate ceramic powder particles or the influence of second-phase particles on the ceramic matrix. Figure 10 illustrates the compressive stress-strain curve for the titanium carbide sample. Clearly, TiC as a ceramic material exhibits a brittle-like behavior with almost no plastic deformation. One sample fractured in the elastic region and exhibited little or no yielding before fracturing. The material loaded beyond its proportional compressive limit will remain in permanent deformation when unloaded. The initial portion of the curve below the proportional limit represents the elastic region and is approximated by a straight line. The slope of the curve in the elastic region is defined as Young's [ 16] modulus of elasticity and is a measure of the material's stiffness. According to Hooke's law (E = r/e), increasing modulus of elasticity leads to an increase in stiffness. The compressive test of the TiC-SiO 2 composite is shown in Figure 11 . Clearly, adding the second phase to the ceramic matrix may improve mechanical properties (e.g., toughness). The ability of a metal to deform plastically and to absorb energy in the process before fracture is termed toughness. The amount of toughness is equal to the area under the stress strain curve, and it has units of energy per volume. The value of Young's modulus was obtained to be 5884 MPa. At the fracture/ break point, a pressure stress of 146 MPa was recorded when a load of 5442 N was exerted.
To determine the fracture toughness, two kinds of mechanisms were considered: (1) crack deflection along the weak grain boundaries, and (2) crack trapping combined with crack face bridging by second-phase particles. [19, 20] Figure 12 illustrates the surface crack pattern created by Vickers indentation on the TiC-SiO 2 composite. In this figure, the light and dark-colored areas represent the TiC and SiO 2 particles, respectively. Crack propagation occurred in an intergranular mode. As a result, crack deflection and crack bridging could not be the dominant toughening mechanisms in the TiCSiO 2 composites. The reason for the improvement of fracture toughness due to adding TiC particle can be related to the slight difference between the values for the coefficient of thermal linear expansion of TiC and SiO 2 so that this difference gives rise to increasing residual stresses within the composite. Since TiC has a lower coefficient of thermal expansion than SiO 2 , the SiO 2 matrix would be located in the ''hoop-tension'' and, when intercrossing the TiC particle, the crack would be ''attached'' to and locked, rather than deviated, by the particle. Because of the intrinsic brittleness of TiC, a further spread of the crack inside the TiC particle would likely lead to the fracture of the particle. This may be the reason why no bridging was seen in the area surrounding the TiC particles. As an explanation of the improved fracture toughness, one can refer to the fact that the TiC particles embedded in the SiO 2 matrix are subjected to a radial compression field which produces extra resistance to the propagating crack front. Additionally, we believe the nanometer-size particles did have a significant contribution to the total toughness as well. A small crack appeared after indentation. The fracture toughness was calculated by considering the six normal values of crack length and using the following equation: [21] 
where E is Young's modulus, H v is Vickers hardness, P is the applied indentation load, and c is the half-length of the radial crack. Wahi and Ilschner [22] reported that modulus, E, increased almost linearly with increasing TiC content in the range of 0 to 40 mass pct. Based on this relation and as E(SiO 2 ) = 92 GPa and E(TiC) = 460 GPa, we found E(SiO 2 /35 mass pct TiC) = 571 GPa. The results indicate that H v was 19.9 GPa and K IC was about 3.82 MPa m 1/2 .
IV. CONCLUSIONS
The TiC-SiO 2 nanocomposite was synthesized after 10 hours of mechanical activation with subsequent heat treatment at 1473 K (1200°C) for 7 minutes. The compressive test showed that the ceramic matrix TiCSiO 2 composite powder had a higher toughness (i.e., less brittleness) than when the ceramic materials were used in the single-phase form which was TiC. TEM results showed that the TiC and SiO 2 crystallite were of the nano size. The mechanical activation of the powder mixture resulted in the deviation of the lattice parameter of titanium carbide from the standard value. This is due to the increase in the amount of strain and the synthesis of the non-stoichiometric ratio of titanium carbide.
